The GialnPlGaAs concentrator device has been adapted for and tested in a prototype "real-world" concentrator power system. The device achieved an onsun efficiency of 27% * 1% in the range of approximately 80-400 suns with device operating temperatures of 32°C to 50°C. We discuss ways of further improving this performance for future devices.
INTRODUCTION
The monolithic two-terminal GalnPlGaAs solar cell [I] is a promising candidate for application in terrestrial concentrator power systems, due to its demonstrated efficiency iri excess of 30% for concentrations in the range of 100-300 suns [2] . This device has been adapted for evaluation on-sun in a parabolic-reflector concentrator system [3] , the first measurement of this device under realworld concentrator conditions. This paper describes the necessaty adaptations, presents the on-sun measurement results, and compares these results with the modeled behavior to aid in predicting the performance of future generations of the device.
DEVICE REQUIREMENTS AND GRID DESIGN
The requirements for a device usable in the concentrator system are more stringent than for devices measured on a simulator. To obtain acceptable signal to noise in ihe concentrator system, a device with an effective size of 1 .O cm2 is used. This device, a top view of which is pictured in Fig. 1 , consists of four 0.25-cm2 "subdevictts" on a single wafer, processed and mesaetched for electrical isolation so that the subdevices can be tested individually if desired. Each subdevice has a bus bar on only one side of the device. For the on-sun testing, the bus bars of the four subdevices are connected electrically to give a device that is thus actually a 1 .O-cm2-illuminatecl-area device with bus bars on opposite sides of the device. In contrast, the original GalnPlGaAs concentrator device [2] was 0.1 cm2. For ease of soldering contacts to the bus bars, the bus bars are 0.75 mm wide.
The ultimate concentration goal for this application is 500 suns. However, the requirement of the large device size as described above puts heavy demands on the grid fingers of the front metallization. A highly conductive, narrow, thick (and thus, high-aspect-ratio) finger with good contact resistivity is called for. For the first iteration of the 0-7803-3 1166-4/96/$5.00 0 1996 IEEE device, a Au-plated front-contact metallization is used for convenience. This metallization is limited in the conductivity, narrowness, and height of the grid fingers it can provide -a significant limitation for highconcentration devices, especially for the grid-finger lengths of the device shown in Fig. 1 . Typical resistivity for the Auplated metallization is 5~1 0 -~ n-cm, more than twice the tabulated bulk Au resistivity of 2 . 2~1 0 -~ R-cm. The difference is due to the relatively grainy character of the metal deposited in the electroplating process. In principle, limitations in the grid finger resistivity can be compensated for by increasing the thickness of the finger. However, for the plated metallization, the thickness is limited by the photoresist thickness to about 2.5 pm. Increasing the finger conductance by increasing the finger width must be balanced against the grid-coverage shadow loss; for this reason, narrow high-aspect-ratio grid fingers are preferred. The plated-metallization process, however, cannot reliably produce grid finger widths significantly below 10 km, and the limitations of the finger thickness and conductivity for this metallization diminish the importance of narrower grids. Finally, 12R losses due to the emitter sheet The subdevices are electrically isolated with a mesa etch, so the area between them is not photoactive. All four bus bars were connected electrically for testing, resulting in an effectively 1-cm2 device. Grid fingers are 10 pm wide and are spaced 150 pm apart. described here) demand that grid fingers be spaced close together. This emitter sheet resistance loss combined with the grid-finger resistivity loss (plus several other loss terms [2] of less importance for the device described here) must be balanced against the grid-coverage shadow loss to arrive at a final grid design.
The initial iteration of the device has grids optimized for a lower concentration of 200 suns; the optimal grid spacing at this concentration for the plated metallization is 150 pm. Even at this lower concentration, the deficiency of the plated metallization limits the device efficiency. Future iterations of the device will use an evaporated metallization that should overcome the grid-finger limitations of the plated grids, permitting fingers 3 pm wide and 5 pm thick, or better. The evaporated metallization also provides grid-finger resistivities much closer to the book values (i.e., much lower than the plated metallization provides), due to the superior density and grain structure provided by the evaporation process.
DESIGN OF TOP CELL
The on-sun spectrum is, of course, not precisely the ASTM E891 standard AM1.5 direct spectrum, and indeed it varies during the day. For the series-connected tandem device described here, the ideal top-cell thickness depends on the spectrum. This dependence arises because the top-cell thickness determines the relative photocurrents of the top and bottom cells; the tandem cell photocurrent is maximized when the top and bottom cell photocurrents are matched, because the tandem current is limited by the series connection to the lesser of the two subcell photocurrents [4] .
For the first iteration of the device, we have chosen to design for the standard AM1.5 direct spectrum, with a topcell thickness of 1.0 pm. Future iterations of the device may be tuned to some time-average of the actual incident spectrum. A detailed discussion of the performance of multijunction devices as a function of variations in the incident spectrum is given elsewhere [5, 6] . The overall conclusion of these works is that spectrum fluctuations affect the performance of series-connected tandems more than the performance of 1-junction devices, but that the overall performance advantage of the tandem is not changed by this efficiency fluctuation.
DEVICE MEASUREMENT AND PERFORMANCE
The wafer was mounted on a receiver substrate with good thermal contact to cooling water. The light flux onto the receiver region was apertured so that only a welldefined area on the wafer is illuminated. The flow and temperature of the receiver cooling water were precisely measured, permitting a direct calorimetric measurement of the incident flux given the reflectance of the device. Thus no assumptions about the linearity of the short-circuit current (J,,) with concentration need be made, in contrast to typical simulator measurements. This is not a trivial issue, because nonlinear response has been reported for GaAs solar cells [7] . Nor are spectral corrections needed, because the actual solar spectrum is being used.
The temperature of the device was not held at 25"C, the conventional simulator-measurement reporting temperature, but rather was allowed to reach the temperature it would operate at if the concentrator system were being used to generate power. Therefore, no temperature correction need be applied to the device performance parameters to predict the device performance under actual operating conditions. However, the device temperature must be taken into account in the modeling of the device behavior. , would be at 25"C, using a temperature coefficient of -3.9 mVPC as measured for this device. For comparison with the data, the dashed lines show the modeled behavior. V,, is modeled by assuming an effective ideality factor of n=2, appropriate for a series-connected tandem with ideal (n=I) top and bottom cells. The calculated V , , describes the temperature-corrected measurements very well. The fill factor (FF) is modeled by calculating I-V curves [8] , with the addition of an effective series resistance [2, 9] . The measured fill-factor data points appear to be consistent with the modeled curve, to the degree to which the two can be compared given the scatter in the measurements.
The linearity of J ,
, at concentration C is given by the ratio of the one-sun-normalized J , , to the concentration, (1/C) Jsc(C)/Jsc (l) . The concentration C is given by the ratio of the calorimetrically-measured photon energy flux @(C) to its one-sun value: C=@(C)/@(l). The measured J , , linearity is shown in Fig. 3 . The difference measurements and the ideal-linearity case i due almost entirely to noise in the measurement of @, because the linearity would not be expected to vary as nonmonotonically with Cas the data of Finally, the measured efficiency shown in Fig. 2 is given by J, , V, , FF/ @. The modeled efficiency, which uses the temperature-corrected Voc, is shown for comparison. The efficiency data appear to have a maximum with concentration that is much sharper than the modeled curve. However, this is most likely an artifact of the noise in the FF and Q, data. From the scatter in the data, we estimate a relative uncertainty of about 2% in the FF and measurements, giving a relative uncertainty (not including systematic errors, which are hard to quantify) of about 3% (i.e., about 1% absolute) in the efficiency numbers. With these error bars, we can summarize the peak performance of the device as 27% f 1% in the range of approximately 80-400 suns. The modeling suggests that the efficiencies are in the lower end of this range. It should be emphasized that the efficiencies in this concentration range are achieved with device operating temperatures of as high as 50°C.
FUTURE WORK
The most important direction for improving the performance of future devices will be the adoption of an evaporatetl-metalhftoff front grid metallization. Modeling a device with this improved metallization, at 500 suns a gain on the order of 6% in the relative cell performance (about 2% in absolute efficiency) can be expected. Better currentmatching of the top and bottom cells to the solar spectrum being used may also lead to a further improvement in the device efficiency. Fabricating 1 -cm2 devices without the mesa-etch division into four subdevices will reduce perimeter recombination by a factor of two.
To optimize total module efficiency, a single bus bar running dawn the center of the cell would reduce the total cell area compared to the two side bus bars used in the device shown in Fig. 1 . The single-central-bus-bar configuration does not change the effective lengths of the grid fingers, and so the performance of such a device should not suffer compared to that of the present two-busbar design. Future work will include the examination of this bus bar design.
